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Antimicrobial activityAbstract Two new lactones comprising the gem-dimethylcyclohexane ring: 2-chloro-5,5-dimethyl-
9-oxabicyclo[4.3.0]nonan-8-one and 2-bromo-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one as well
as the already known 2-iodo-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one, were obtained from
(6,6-dimethylcyclohex-2-en-1-yl)acetic acid. These lactones were used as substrates for the screening
of biotransformation by whole cells of nine fungal strains (Fusarium species, Syncephalastrum race-
mosum and Cunninghamella japonica). Some of these microorganisms (mainly Fusarium species)
transformed all three lactones during the hydrolytic dehalogenation into 2-hydroxy-5,5-dimethyl-
9-oxabicyclo[4.3.0]nonan-8-one. It is worth noting that two microorganisms (Fusarium culmorum
and Fusarium scirpi) converted iodolactone with very high enantioselectivity (75.1% and 91.6%,
respectively). The (+) isomer of hydroxy lactone was preferred. At the last step the hydroxy lactone
obtained during biotransformation was examined for its biological activity against bacteria, yeasts
and fungi. It was found that this compound inhibits growth of some tested microorganisms.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The use of natural catalysts, i.e. whole cells, cell organelles or
isolated enzymes, for chemical transformations has been well
known for over 100 years (Faber, 2011). Biotransformation
is a very good method that allows to obtain molecules identical
or similar to natural ones. Microorganisms can also produce
compounds which are completely different from these receiv-
ing during the chemical synthesis (Pinheiro and Marsaioli,Arabian
Scheme 1 Synthesis of halolactones 3–5.
2 M. Grabarczyk et al.2007; Serra et al., 2005; Garcı´ a-Pajo´n et al., 2003; de Carvalho
and da Fonseca, 2006). Biotechnological methods play an
important role in biochemistry and traditional organic synthe-
sis by opening up new possibilities in receiving important,
biologically active compounds. The methods used in classical
organic synthesis have not been changed, but have been greatly
expanded and enriched. This has been evidenced in recent
years by the emergence of a number of works based on bio-
catalysis. Obviously, biochemical methods are not inherently
better, but they are deﬁnitely an effective tool, complementary
to other methods used in modern organic synthesis (Wedge
et al., 2000; Borges et al., 2009; Maurs et al., 1999).
In our laboratory we have been investigating syntheses and
biotransformations of bicyclic lactones with a methyl-substi-
tuted cyclohexane ring and we found that some of the hydroxy
lactones obtained during these processes exhibited biological
activity, mainly antifeedant activity against different insects
(Szczepanik et al., 2000, 2003; Wawrzen´czyk et al., 2003;
Dancewicz et al., 2005) and also antimicrobial activity
(Grabarczyk et al., 2013). Other researchers also reported that
structurally simple hydroxy lactones both natural and
obtained during chemical syntheses exhibited biological activ-
ity, for example antifeedant (Gonzalez-Coloma et al., 2012),
antifungal (Skaltsa et al., 2000; Wedge et al., 2000), antibacte-
rial (Lee et al., 2008), anti-diabetic (Hunyadi et al., 2013) or
antioxidant (Yang et al., 2011).
With reference to our ongoing research on the biotransfor-
mation of halolactones with a methyl-substituted cyclohexane
ring (Gładkowski et al., 2011; Grabarczyk and Białon´ska,
2010; Grotowska and Wawrzen´czyk, 2002; Grabarczyk,
2012), we hereby present further examples of the biohy-
droxylation of chloro-, bromo- and iodolactone with the
gem-dimethylcyclohexane ring. These lactones were chosen
as model compounds to verify whether certain fungal strains
had the ability to replace the halogen atom with the hydroxy
group.
2. Materials and methods
2.1. General methods
Procedure was performed analogous to described before
(Grabarczyk et al., 2013).
2.2. X-ray crystallographic data
The X-ray diffraction data for 7 were collected on a Xcalibur
Diffractometer with Sapphire2 detector (Mo Ka radiation;
k= 0.71073 A˚). Monocrystals suitable for the XRD experi-
ment were obtained by slow evaporation of solvents from
hexane–acetone (3:1) solution of 7. The data were collected
at 170(2) K using an Oxford Cryosystem device. Data reduc-
tion and analysis were carried out with the CrysAlis ‘RED’
program (CrysAlisPRO). The space group was determined
using the XPREP program (XPREP, 1997). Structure was
solved by direct methods using the SHELXS program and
reﬁned using all F2 data, as implemented by the SHELXL pro-
gram (Sheldrick, 2008). Non-hydrogen atoms were reﬁned
with anisotropic displacement parameters. All H atoms were
placed at calculated positions. Before the last cycle of reﬁne-
ment all H atoms were ﬁxed and were allowed to ride on theirPlease cite this article in press as: Grabarczyk, M. et al., Hydroxy lactones with the g
Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.02.018parent atoms. Absolute structure was chosen on the basis of
known conﬁguration of chloride, (1S)-(+)-10-camphorsul-
fonyl chloride, used for esteriﬁcation of the related hydroxy
lactone and the absolute structure is in accordance with
Flack parameter equal to 0.03(7).
2.3. Synthesis of substrates
The starting substrate for the synthesis of three racemic halo-
lactones 3–5 was 4,4-dimethylcyclohexane-1,3-dione, which
was converted into 4,4-dimethylcyclohex-2-en-1-ol (Win´ska
et al., 2010). At the next steps the known c,d-unsaturated ester
1 and c,d-unsaturated acid 2 (Gładkowski et al., 2011) were
obtained. The new chlorolactone 3 and bromolactone 4 were
synthesized in tetrahydrofuran by chloro- and bromolac-
tonization, respectively. The already known iodolactone 5
(Gładkowski et al., 2011) was obtained by iodolactonization
of acid 2, according to the previously described procedure
(Grabarczyk et al., 2005) (Scheme 1).
In this paper we present the synthesis of new compounds
and their spectral data. These data will be useful in studying
the changes in the molecules during biotransformation.
2.3.1. 2-Chloro-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one
(3)
N-chlorosuccinimide (14.5 mmol) was added to acid 2
(8.9 mmol) dissolved in 30 ml of tetrahydrofuran. This mixture
was stirred for 24 h at room temperature and then water was
added (30 ml). The product was extracted with diethyl ether
(3 · 30 ml). The combined ethereal fractions were washed with
saturated NaHCO3 solution (20 ml), brine (20 ml) and dried
with anhydrous magnesium sulfate. The crude product was
puriﬁed on silica gel (hexane:acetone, 3:1) yielding 7.5 mmol
(84%) of chlorolactone 3 with the following physical and spec-
tral data: nD = 1.4953,
1H NMR (300 MHz, CDCl3): 0.96 and
1.08 (two s, 6H, (CH3)2C-5), 1.46 (m, 2H, CH2-4), 1.85 (m, 1H,
one of CH2-3), 2.06 (m, 1H, one of CH2-3), 2.33 (d,
J= 6.8 Hz, 1H, one of CH2-7), 2.37 (d, J= 1.7 Hz, 1H, one
of CH2-7), 2.50 (m, 1H, H-6), 3.75 (ddd, J= 14.1, 9.0 and
5.1 Hz, 1H, H-2), 4.54 (dd, J= 9.0 and 6.9 Hz, 1H, H-1);
13C NMR: 27.45 (C-10), 28.60 (C-9), 29.78 (C-3), 30.26
(C-7), 31.79 (C-5), 33.26 (C-4), 47.56 (C-6), 59.87 (C-2),
83.48 (C-1), 175.47 (C-8), IR (KBr, cm1): 2961 (s), 1782 (s),
1456 (s), 1151(s), 1020 (s). EI-MS m/z (%): 203 (8), 187 (7),
167 (6), 125 (100), 97 (20), 79 (14), 69 (24), 55 (18), 39 (35).em-dimethylcyclohexane system – Synthesis and antimicrobial activity. Arabian
Scheme 2 Biotransformation of halolactones 3–5.
Synthesis and antimicrobial activity 32.3.2. 2-Bromo-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one
(4)
N-bromosuccinimide (7.3 mmol) was added to 7.1 mmol of
acid 2 dissolved in 30 ml of tetrahydrofuran and the mixture
was stirred for 24 h at room temperature. After this time
30 ml of water was added to the reacting mixture and the pro-
duct was extracted with diethyl ether (3 · 30 ml). The com-
bined ethereal fractions were washed with saturated
NaHCO3 solution (20 ml), brine (20 ml) and dried with anhy-
drous magnesium sulfate. After puriﬁcation of the crude pro-
duct on silica gel (hexane:acetone, 3:1), 6.1 mmol (87%) of
bromolactone 4 was obtained. The physical and spectral data
of this product are as follows: nD = 1.5130,
1H NMR
(300 MHz, CDCl3): 0.95 and 1.09 (two s, 6H, (CH3)2C-5),
1.46 (m, 2H, CH2-4), 2.02 (m, 1H, one of CH2-3), 2.16 (m,
1H, one of CH2-3), 2.34 (d, J= 2.2 Hz, 1H, one of CH2-7),
2.37 (s, 1H, one of CH2-7), 2.46 (m, 1H, H-6), 3.83 (ddd,
J= 14.4, 9.3 and 5.1 Hz, 1H, H-2), 4.68 (dd, J= 9.3 and
6.6 Hz, 1H, H-1); 13C NMR: 27.46 (C-10), 28.63 (C-9), 30.06
(C-7), 30.65 (C-3), 31.79 (C-5), 34.25 (C-4), 47.80 (C-6),
50.77 (C-2), 83.63 (C-1), 175.26 (C-8), IR (KBr, cm1): 2959
(s), 1791 (s), 1456 (s), 1169(s), 1020 (s). EI-MS m/z (%): 247
(12), 167 (57), 125 (100), 97 (27), 81 (29), 69 (36), 55 (34), 39
(64).
2.3.3. 2-Iodo-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one (5)
Iodolactonization was conducted on 6.0 mmol of acid 1
according to the known procedure (Grabarczyk et al., 2005)
giving 4.8 mmol (80.2%) of iodolactone 5 with the following
physical and spectral data: m.p. = 58–60 C, 1H NMR
(300 MHz, CDCl3): 0.93 and 1.09 (two s, 6H, (CH3)2C-5),
1.25 (ddd, J= 14.0, 3.7 and 3.6 Hz, 1H, one of CH2-4), 1.42
(m, 1H, one of CH2-4), 2.18 (m, 2H, CH2-3), 2.37 (m, 3H,
CH2-7 and H-6), 3.86 (ddd, J= 15.0, 9.6 and 5.4 Hz, 1H,
H-2), 4.78 (ddd, J= 9.6, 4.4 and 1.7 Hz, 1H, H-1), IR (KBr,
cm1): 2956 (s), 1789 (s), 1453 (s), 1168(s), 1016 (s). EI-MS
m/z (%): 295 (8), 167 (100), 139 (36), 121 (21), 107 (44), 95
(17), 81 (10), 69 (8), 55 (11), 39 (24).
2.4. Biotransformations
2.4.1. Microorganisms
The fungal strains used in all biotransformation reactions
came from the collection of the Institute of Biology and
Botany, Medical University, Wrocław: Fusarium culmorum
AM 10, Fusarium avenaceum AM 11, Fusarium oxysporum
AM 13, Fusarium tricinctum AM 16, Fusarium semitectum
AM 20, Syncephalastrum racemosum AM 105, Fusarium solani
AM 203, Fusarium scirpi AM 199, Cunninghamella japonica
AM 472.
2.4.2. Screening procedure
The fungal strains used for biotransformation were cultivated
at 25 C in two Erlenmeyer ﬂasks (capacity of 250 ml) contain-
ing 100 ml of a medium comprising 3% of glucose and 1% of
bacteriological peptone (Biocorp). After three days 10 mg of
the substrate dissolved in 1 ml of acetone was added to each
ﬂask with the mature culture. Incubation of the shaken
cultures with the substrate continued for 7 days. After 3, 5
and 7 days of incubation the mixture of unreacted substrate,Please cite this article in press as: Grabarczyk, M. et al., Hydroxy lactones with the g
Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.02.018products and mycelium was extracted with dichloromethane
(15 ml) and analyzed by GC (DB-17 column).
2.4.3. Preparative biotransformation
A total of 100 mg of halolactone 3–5 was dissolved in 10 ml
acetone and dispensed into 10 Erlenmeyer ﬂasks (capacity of
250 ml) with the 3-day cultures of fungal strains prepared as
described in the screening procedure. The microorganisms
selected during the screening transformations were incubated
with substrates for 7 days and then the product mixture was
extracted with dichloromethane (3 · 40 ml). The combined
organic fractions were dried over anhydrous magnesium
sulfate and the solvent was evaporated in vacuo. The pure
product was separated from the unreacted substrate and the
metabolites of the fungi by column chromatography (silica
gel, hexane:acetone 3:1). During all of the preparative
biotransformation only one and the same product, hydroxy
lactone 6, was obtained in every case (Scheme 2).
The physical and spectral data of hydroxy lactone 6 are
given below.
2.4.3.1. 2-Hydroxy-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-
one (6). m.p. = 74–76 C, 1H NMR (300 MHz, CDCl3):
0.95 and 1.00 (two s, 6H, (CH3)2C-5), 1.08 (m, 1H, one of
CH2-3), 1.67 (dd, J= 12.6 and 2.5 Hz, 1H, one of CH2-4),
1.71 (ddd, J= 13.2, 12.6 and 2.5 Hz, 1H, one of CH2-4),
1.84 (m, 1H, one of CH2-3), 2.21 (dd, J= 15.9 and 8.4 Hz,
1H, one of CH2-7), 2.35 (m, 1H, H-6), 2.50 (m, 1H, OH),
2.66 (dd, J= 15.9 and 12.4 Hz, 1H, one of CH2-7), 4.12 (m,
1H, H-2), 4.58 (dd, J= 6.9 and 6.9 Hz, 1H, H-1); 13C
NMR: 25.80 (C-3), 27.22 (C-4), 27.77 (C-9), 29.12 (C-10),
31.48 (C-5), 31.89 (C-7), 46.06 (C-6), 66.62 (C-2), 78.94
(C-1), 178.36 (C-8), IR (KBr, cm1): 3398 (sb), 2963 (s),
1762 (s), 1193 (s), 1028 (s). EI-MS m/z (%): 185 (81), 167
(40), 128 (46), 125 (63), 110 (33), 85 (100), 69 (43), 55 (35),
41 (51), 39 (72).
2.4.4. Synthesis of (1R, 2S, 6R, 13S)-2-(Camphor-10-
sulfonyloxy)-5,5-dimethyl-9-oxabicyclo[4.3.0] nonan-8-one (7)
To the solution of hydroxy lactone 6 (0.08 mmol) and pyridine
(0.18 mol) in dry diethyl ether (1 ml), (1S)-(+)-(10)-camphor-
sulfonyl-chloride (0.11 mmol) in diethyl ether (1 ml) was added
dropwise. The mixture was stirred at room temperature for
40 min. After that time, the reaction mixture was extracted
with diethyl ether (3 · 2 ml). The ethereal solution was washed
with a 10% aqueous H2SO4, saturated solution NaHCO3, and
brine, dried over MgSO4 and evaporated in vacuo. Crude pro-
duct was puriﬁed on silica gel (hexane:acetone, 3:1) giving
0.065 mol (80%) of ester 7 (Scheme 3).
The physical and spectral data of compound 7 are given
below.m.p. = 162–164 C, 1H NMR (300 MHz, CDCl3):em-dimethylcyclohexane system – Synthesis and antimicrobial activity. Arabian
Scheme 3 Synthesis of (1R, 2S, 6R, 13S, 16R)-2-(camphor-10-sulfonyloxy)-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one (7).
4 M. Grabarczyk et al.0.94 (s, 3H, (one of (CH3)2C-19), 1.03 (s, 3H, (one of (CH3)2C-
5), 1.06 (s, 3H, (one of (CH3)2C-5), 1.12 (s, 3H, (one of
(CH3)2C-19), 1.08 (m, 1H, one of CH2-4), 1.46 (m, 1H, one
of CH2-17), 1.76 (m, 1H, one of CH2-3), 1.79 (m, 2H, one of
CH2-3 and one of CH2-4), 1.97 (d, J= 18.4 Hz, 1H, H-16),
2.08 (m, 1H, one of CH2-17), 2.14 (m, 2H, CH2-18), 2.32
(dd, J= 16.6 and 8.4 Hz, 1H, one of CH2-7), 2.36 (m, 1H,
H-6), 2.44 (m, 2H, CH2–15), 2.59 (dd, J= 16.6 and 16.6 Hz,
1H, one of CH2-7), 3.17 (d, J= 14.9 Hz, 1H, one of CH2-
12), 3.56 (d, J= 14.9 Hz, 1H, one of CH2-12), 4.61 (dd,
J= 6.8 and 4.7 Hz, 1H, H-1), 5.12 (m, 1H, H-2); 13C NMR:
19.63 (C-21), 19.78 (C-20), 25.34 (C-3), 25.73 (C-4), 26.89
(C-9), 27.62 (C-5), 27.88 (C-10), 28.75 (C-17), 31.11 (C-7),
31.35 (C-6), 42.63 (C-16), 43.05 (C-18), 45.78 (C-15), 48.08
(C-19), 48.69 (C-12), 58.02 (C-13), 75.68 (C-1), 76.88 (C-2),
176.46 (C-8), 213.72 (C-14), IR (KBr, cm1): 2960 (s), 2364
(m), 1777 (s), 1746 (s), 1347 (s), 1146 (s), 1053 (s), 833 (s).
Crystal data for 7: C20H30O6S, Mr = 398.50, colorless
block, crystal dimensions 0.96 · 0.35 · 0.25 mm, monoclinic,
space group P21, a= 9.975(2), b= 17.966(3), c= 11.249(3) A˚,
b= 96.55(2), V= 2002.8(8) A˚3, Z= 4, Mo Ka radiation,
k= 0.71073 A˚, l= 0.20 mm1, Dx= 1.322 g cm3, T=
170(2) K, Rint = 0.045, wR= 0.100, (for 6844 reﬂections with
I> 2r(I)) for 488 variables. Flack parameter equal to 0.03(7).
CCDC No: 1046777.
2.5. Bioassay
The tests have been made using the following bacteria strains
came from the own collection of the Department of
Biotechnology and Food Microbiology, University of
Environmental and Life Sciences: Micrococcus ﬂavus C1,
Bacillus cereus C3, Escherichia coli C1, Bacillus subtilis B5,
Pseudomonas ﬂuorescensW1, yeast strains: Debaryomyces han-
senii K12a, Saccharomyces cerevisiae SV30, Yarrowia lipolytica
ATCC 20460, Schizosaccharomyces pombe C-1, Rhodotorula
rubra C-9 and ﬁlamentous fungi strains: Aspergillus niger
XP, Fusarium linii 3A, Penicillium sp., Alternaria sp. The bac-
terial cultures were carried out for 48 h in a liquid broth con-
taining 15 g of dry bullion (Biocorp) and 10 g of glucose
dissolved in 1 l of distilled water. Yeast and fungi were cul-
tured in YPG medium (10 g of yeast extract, 10 g of bacte-
riological peptone and 10 g of glucose dissolved in 1 l of
distilled water) for 48 and 96 h, respectively. The effects of
hydroxy lactone 6 on the growth of microorganisms were test-
ed in a microbiological apparatus Bioscreen C (Automated
Growth Curve Analysis System, Lab Systems, Finland).
Working volume in the wells of the Bioscreen plate was
300 ll, comprising 280 lL of culture medium, and 10 ll of cell
or spore solution (ﬁnal density 1 · 106 cells ml1). Hydroxy
lactone 6 was dissolved in 10 ll dimethyl sulfoxide and usedPlease cite this article in press as: Grabarczyk, M. et al., Hydroxy lactones with the g
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trolled at 30 C (bacteria, yeasts) and 25 C (ﬁlamentous
fungi), and the optical density of the cell suspensions was mea-
sured automatically at 560 nm at regular intervals of 30 min.,
for 2–4 days. The cell cultures were placed on a continuous
shaker. Each culture was performed in 3 replications.
Data were analyzed using a spreadsheet software (Excel
97), and the average for the triplicates of each culture medium
type was calculated. The average values were used to generate
the growth curves for each investigated strain, constituting as a
function of the incubation time and the culture medium
absorbency. The resulting microbial growth curves were com-
pared to control cultures in the medium supplemented with
dimethyl sulfoxide.
3. Results
Three racemic halolactones 3–5 were synthesized from the
already known c,d-unsaturated acid 2. The new chlorolactone
3 and bromolactone 4 were obtained with 84% and 87% yield
respectively. The known iodolactone 5 was obtained with 80%
yield.
All three lactones 3–5 were subjected to a screening bio-
transformation using nine fungal strains of local origin.
These were: F. culmorum AM10, F. avenaceum AM11,
F. oxysporumAM13, Fusarium tricinctum AM16, F. semitectum
AM20, F. scirpi AM1199, F. solani AM203, S. racemosum
AM105, and C. japonica AM472. These strains were chosen
in order to test their ability to conduct hydrolytic dehalogena-
tion of previously synthesized halolactones. The progress of all
the screening transformations was monitored by means of
standard techniques (TLC and GC). The results of this step
are shown in Table 1.
Looking at the Table 1 it can be seen that all Fusarium
strains (entries 1–7) and also S. racemosum (entry 8) were cap-
able of transforming bromo-4 and iodolactone 5. When
chlorolactone 3 was used as a substrate, only ﬁve Fusarium
strains (entries 1–3 and 5–6) were capable of converting it.
C. japonica strain (entry 9) was unable to transforming all
three halolactones. The same single product was obtained dur-
ing all of the tests. All three substrates were transformed into a
product with good yield (over 57%) by four microorganisms:
F. culmorum AM10, F. avenaceum AM11, F. oxysporum
AM13, and F. scirpi AM199. In the case of iodolactone 5, S.
racemosum AM105 and F. solani AM203 were also good bio-
catalysts. The aim of the screening biotransformation was only
to select fungal strains capable of converting substrates to a
product with at least 50% effectiveness. The screening proce-
dure assessed only the conversion degree.
For all three halolactones (compounds 3–5) the control of
the stability of the substrate was carried out by adding eachem-dimethylcyclohexane system – Synthesis and antimicrobial activity. Arabian
Table 1 Hydrolytic dehalogenation of halolactones 3–5 after 7 days of incubation (according to GC).
Entry Microorganism Chlorolactone 3 Bromolactone 4 Iodolactone 5
1 Fusarium culmorum AM10 (+++) (++) (++)
2 Fusarium avenaceum AM11 (+++) (+++) (++)
3 Fusarium oxysporum AM13 (++) (+++) (++)
4 Fusarium tricinctum AM16 () (+) (+)
5 Fusarium semitectum AM20 (+) (+) (+)
6 Fusarium scirpi AM199 (+++) (+++) (+++)
7 Fusarium solani AM203 () (+) (++)
8 Syncephalastrum racemosum AM105 () (+) (++)
9 Cunninghamella japonica AM472 () () ()
() – The conversion 16–36%.
(+) – The conversion 37–53%.
(++) – The conversion 57–70%.
(+++) – The conversion 73–89%.
Synthesis and antimicrobial activity 5one of them to a sterile medium containing 3 g glucose and 1 g
peptobac in 100 ml of water and shaking for a week. The sam-
ples were taken analogously as in the case of the screening pro-
cedure. As a result of these experiments, it was found that only
the substrate was always in the reaction mixture what means
that the hydrolytic dehalogenation of lactones 3–5 does not
occur without the presence of the microorganisms.
In the next step, i.e. the preparative scale biotransforma-
tions, fungal strains chosen during the screening procedure
were used. The results of these transformations are presented
in Fig. 1.
Two microorganisms, F. avenaceum AM11 and F. scirpi
AM199, transformed all three substrates with comparable88
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Figure 1 Results (by GC) of preparativ
Table 2 Isolated yield of hydroxy lactone 6 obtained during prepa
Strain 6 from 3 6
Yield (g) Yield (%) Y
F. culmorum AM10 0.024 26.4 0
F. avenaceum AM11 0.048 52.4 0
F. oxysporum AM13 0.033 36.3 0
F. scirpi AM199 0.060 65.9 0
S. racemosum AM105 – – –
F. solani AM203 – – –
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for the ﬁrst species and 85% for the second one. Larger differ-
ences were observed for F. culmorum AM10 and F. oxysporum
AM13. The ﬁrst microorganism transformed chlorolactone 3
with the best yield (88%), while the best substrate for the second
microorganism was bromolactone 4 (the yield was 82%).
Iodolactone 5 was the least effectively transformed by the tested
fungal strains. The above data clearly indicate the substrate
speciﬁcity of the microorganisms that were used for the biotrans-
formation. Table 2 presents the isolated yields of hydroxy
lactone 6 obtained during all preparative biotransformation.
One of the aims of our experiments was obtaining a product
with high optical purity, and therefore, the enantiomeric excess81
69
chlorolactone 3
hydroxy lactone 6
bromolactone 4
hydroxy lactone 6
iodolactone 5
hydroxy lactone 6
e biotransformations of lactones 3–5.
rative biotransformations of lactones 3–5.
from 4 6 from 5
ield (g) Yield (%) Yield (g) Yield (%)
.016 21.6 0.025 40.0
.038 51.3 0.036 57.2
.043 58.1 0.025 40.0
.040 54.1 0.028 44.7
– 0.035 56.0
– 0.031 49.5
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Table 3 Data on hydroxy lactone 6 obtained during preparative biotransformations of halolactones 3–5.
Strain 6 from 3 6 from 4 6 from 5
ee (%) a20D ee (%) a
20
D ee (%) a
20
D
F. culmorum AM10 17.0 5.92 (c= 0.73, CHCl3) 40.6 22.43 (c= 0.40, CHCl3) 75.1 46.93 (c= 0.56, CHCl3)
F. avenaceum AM11 29.6 11.51 (c= 1.06, CHCl3) 20.4 6.05 (c= 0.74, CHCl3) 29.0 16.59 (c= 0.34, CHCl3)
F. oxysporum AM13 11.8 4.51 (c= 0.92, CHCl3) 35.0 13.21 (c= 1.07, CHCl3) 19.1 5.27 (c= 0.49, CHCl3)
F. scirpi AM199 19.2 8.27 (c= 0.44, CHCl3) 12.1 11.33 (c= 0.75, CHCl3) 91.6 48.51 (c= 0.74, CHCl3)
S. racemosum AM105 – – – – 42.7 21.54 (c= 0.64, CHCl3)
F. solani AM203 – – – – 22.7 7.63 (c= 0.51, CHCl3)
6 M. Grabarczyk et al.and optical rotation were checked for every hydroxy lactone
received during the preparative biotransformations of chloro-
3, bromo- 4 or iodolactone 5. The enantiomeric excess was
determined using GC with the chiral column (Beta Dex,
30 m · 0.25 mm · 0.25 lm). The results of these analyses are
shown in Table 3.
4. Discussion
The substrates for the transformation were three racemic halo-
c-lactones (3–5) with a gem-dimethylcyclohexane ring in their
structure. The structures of chloro- 3 and bromo-c-lactone 4
were determined on the basis of their spectral data. The struc-
ture of the already known iodo-c-lactone 5 was conﬁrmed by
its 1H NMR and IR spectra. The absorption bands at 1782,
1791 and 1789 cm1 on the IR spectra for lactones 3–5, respec-
tively, indicated that the lactone ring present in their molecules
was the c-lactone ring. As we know from previous reports
(Gładkowski et al., 2011), iodolactone 5 is in the chair confor-
mation with the trans-diequatorial orientation of the iodine
atom and C–O bond of the lactone ring. The similarity
between the spectral data of iodolactone 5 and new chloro-3
and bromolactone 5 indicated that their structures were iden-
tical. The analysis of 1H NMR spectra of lactones 3, 4 and 5
showed that the coupling constants of H-1 with H-2
(J= 9.0, 9.3 and 9.6 Hz, respectively), H-1 with H-6
(J= 6.9, 6.6 and 4.4 Hz, respectively), H-2 with H-3 axial
(J= 14.1, 14.4 and 15.0 Hz, respectively) and H-2 with H-3
equatorial (J= 5.1, 5.1 and 5.4 Hz, respectively) were similar
for all three compounds. This indicates that for lactones 4
and 5 the cyclohexane ring was in slightly twisted chair confor-
mation with H-1 and H-2 protons that were in trans-diaxial
positions and H-6 proton was in equatorial one. Lactone ring
and H-2 proton were trans-oriented in relation to the axial
methyl group at C-5, just as in the case of lactone 3 (Fig. 2).Figure 2 Structure of chlorolactone 3.
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transformations was established on the basis of its spectral
data. The IR spectra showed that the c-lactone ring was
retained in the product during the biotransformation (absorp-
tion bands at 1762 cm1). The presence of a hydroxyl group in
the molecule was suggested by a strong and broad band at
3398 cm1. Earlier analysis of halolactones 3, 4 and 5 structure
proved that H-1 and H-2 protons were in trans-diaxial posi-
tions, and the halogen atom was in equatorial position and
was trans-oriented in relation to the C–O bond and the axial
methyl group at C-5.
The analysis of NMR spectra of microbiologically obtained
hydroxy lactone 6 and halolactones 3–5 allowed us to deter-
mine the differences between these molecules. The signal from
H-1 proton was observed between 4.54 ppm (for halolactone 3)
and 4.78 ppm (for halolactone 5). The signal from the same
proton in hydroxy lactone 6 molecule was shifted to
4.46 ppm, indicating a substantial change in this proton’s che-
mical surroundings. The signal of H-2 proton was located
between 3.75 ppm (for 3) and 3.86 ppm (for 5). Additionally,
for halolactones 3–5 one big coupling constant (J= 14.1,
14.4 or 15.0) suggested the axial position of H-2 proton. The
signal from H-2 proton for hydroxy lactone 6 moved into
4.12 ppm. Moreover, in this case we could observe a multiplet
with a small coupling constant derived from H-2. These obser-
vations indicated that H-2 proton in hydroxy lactone 6 was in
equatorial position and that OH group occupied an axial posi-
tion in the cyclohexane ring, and that OH group was also
located cis to the C–O bond of the lactone ring (Fig. 3).
These data suggested that the halogen atom present in the
substrate molecule was changed into a hydroxy group in the
course of hydrolytic dehalogenation similar to the SN2
mechanism. Such a mechanism was observed earlier when
similar halolactones were subjected to hydrolytic dehalogena-
tion by the same microorganisms (Grabarczyk andFigure 3 Structure of hydroxy lactone 6.
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Synthesis and antimicrobial activity 7Białon´ska, 2010; Grabarczyk, 2012), and also for enzymes
from the Absidia cylindrospora culture catalyzing hydrolytic
dehalogenation in iodolactones (Gładkowski et al., 2011).
In every case both substrates (halolactones) and products
(hydroxy lactones) with the cyclohexane ring existed in chair
conformation. During biotransformation we observed chang-
ing of conformation of cyclohexane ring (for lactones with tri-
methyl- and 4.4-dimethylcyclohexane ring) or remaining the
cyclohexane ring in the same conformation (for lactones with
4.6-dimethyl-, 5.5-dmethyl- and 4-methylcyclohexane ring).
In case of halolactones with 4.4.6-trimethylcyclohexane
ring (Grabarczyk and Białon´ska, 2010) lactone ring was cis
oriented in relation to the axial methyl group. H-1 and H-2
protons were in trans diaxial positions. In hydroxy lactone,
lactone ring changed its orientation into trans in relation to
the axial methyl group. H-2 proton remains in axial positions,
but H-1 changed its position into equatorial.Figure 4 Structure of (1R, 2S, 6R, 13S, 16R)-2-(camphor-10-
sulfonyloxy)-5,5-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one (7).
Table 4 Effect of the hydroxy lactone 6 on the bacterial, yeast and
Entry Microorganism
Bacteria
1 Micrococcus ﬂavus
2 Bacillus cereus
3 Escherichia coli
4 Bacillus subtilis
5 Pseudomonas ﬂuorescens
6 Debaryomyces hansenii
Yeast
7 Saccharomyces cerevisiae
8 Yarrowia lipolytica
9 Schizosaccharomyces pombe
Filamentous fungi
10 Rhodotorula rubra
11 Aspergillus niger
12 Fusarium linii
13 Penicillium sp.
14 Alternaria sp.
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Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.02.018The same situation was observed for lactones with 4.4-
dimethylcyclohexane ring (Grabarczyk et al., 2013).
Analyzing structure of halolactones with 4.6-dimethylcyclo-
hexane ring (Grabarczyk, 2012) and iodolactone with 4-
methylcyclohexane ring (Gładkowski et al., 2011) we can also
see many similarities. In all halo- and hydroxy lactones, lac-
tone ring was cis oriented in relation to the equatorial methyl
group. H-1 protons were always in equatorial position and H-2
proton changed its orientation from equatorial in substrates
into axial in products.
During biotransformation of iodolactone with 5.5-
dimethylcyclohexane ring by Absidia cylindrospora
(Gładkowski et al., 2011) into hydroxy lactone in both com-
pounds lactone ring and one of methyl groups at C-5 were in
trans diaxial positions. H-1 and H-2 protons were in axial posi-
tions in iodolactone. In hydroxy lactone H-1 proton was in
axial position and H-2 proton changed its orientation into
equatorial. The same situation was observed when three halo-
lactones with 5.5-dimethylcyclohexane were transformed by
Fusarium species.
All hydroxy lactones obtained during the preparative bio-
transformations were checked for their optical purity. As can
be seen in Table 3, when chloro- or bromolactone was used
as a substrate the enantiomeric excess was low or moderate,
and it did not exceed 30% and 41% for the product from
chlorolactone 3 and bromolactone 4, respectively. When
iodolactone 5 was used as a substrate the situation was differ-
ent. Two microorganisms, F. culmorum AM10 and F. scirpi
AM199, showed high enantiospeciﬁcity. In these cases hydroxy
lactone 6 was obtained with high enantiomeric excess (75%
and 91.6%, respectively). Other microorganisms used for the
biotransformations of iodolactone 5 exhibited lower enan-
tiospeciﬁcity (up to 43%). These data suggest high enan-
tiospeciﬁcity of the chosen fungal strains in relation to
iodolactone 5. Most of the microorganisms preferred the for-
mation of (+) hydroxy lactone isomer, and () isomer of
hydroxy lactone 6 was formed only during biotransformation
of lactones 3 and 4 by F. oxysporum AM13, and lactone 5
by F. solani AM203.fungi growth.
Eﬀects
Growth inhibition, max. Od = 0.73 (max. Od control = 1.20)
Growth inhibition, max. Od = 0.54 (max. Od control = 1.42)
No inﬂuence on the growth
No inﬂuence on the growth
No inﬂuence on the growth
No inﬂuence on the growth
Growth inhibition, max. Od = 0.59 (max. Od control = 1.55)
No inﬂuence on the growth
Growth inhibition, max. Od = 0.40 (max od control = 1.28)
Growth inhibition, max. Od = 0.61 (max od control = 1.40)
No inﬂuence on the growth
No inﬂuence on the growth
Growth inhibition, max. Od = 1.06 (max od control = 1.85)
No inﬂuence on the growth
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8 M. Grabarczyk et al.As it was mentioned above hydroxy lactone 6 obtained dur-
ing biotransformation of iodolactone 5 using F. scirpi AM199
was characterized by high enantiomeric excess equal to 91.6%.
Lactone 6 was used to prepare derivative with (1S)-(+)-10-
camphorsulfonyl chloride named 7. X-ray diffraction analysis
of derivative 7 made it possible to determine the absolute con-
ﬁguration of stereogenic centers present in the molecule of lac-
tone 6. Absolute conﬁguration of stereogenic centers was as
follows: C-1 (R), C-2 (S), C-6 (R), C-13 (S), C-16 (R) (see
Fig. 4).
Based on the crystallographic structure it was possible to
assign absolute conﬁguration 1R, 2S, 6R to (+) enantiomer
of hydroxy lactone 6. Therefore, it can be concluded that most
of the tested microorganisms preferred formation of this
hydroxy lactone with predominant 1R, 2S, 6R isomer.
Hydroxy lactone 6 with a small predominance of second
isomer 1R, 2R, 6R was obtained during biotransformation0
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Figure 5 Effect of hydroxy lactone 6 on the growth ofM. ﬂavus.
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Figure 6 Effect of hydroxy lactone 6 on the growth of B. cereus.
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Figure 7 Effect of hydroxy lactone 6 on the growth of S.
cerevisiae.
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iodolactone 5 by F. solani AM203.
Hydroxy lactone 6 was examined for its biological activity
against bacteria, yeasts and ﬁlamentous fungi. The results of
the bioassay tests are given in Table 4.
Results presented above showed that hydroxy lactone 6
inhibited the growth of six of fourteen tested strains. In the
case of bacteria strains this compound showed growth inhibi-
tion against two strains: M. ﬂavus (entry 1) and B. cereus
(entry 2). Yeast was more vulnerable, from three tested strains
and two S. cerevisiae (entry 7) and S. pombe (entry 9) were
inhibited by this lactone. In the case of fungal strains hydroxy
lactone 6 inhibited growth of only Penicillium sp. (entry 13).
The obtained results clearly showed that this compound had
the highest antimicrobial activity against S. pombe (entry 9),
inhibiting growth of 69% of the culture. The results of the
bioassay tests are illustrated on Figs. 5–10.0
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Figure 8 Effect of hydroxy lactone 6 on the growth of S. pombe.
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Figure 9 Effect of hydroxy lactone 6 on the growth of R. rubra.
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Figure 10 Effect of hydroxy lactone 6 on the growth of
Penicillium sp.
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All fungal strains chosen for the biotransformations of chloro-
, bromo- and iodolactone transformed them into the same
hydroxy lactone. Those microorganisms which converted
halolactones into hydroxy lactone showed very high regioselec-
tivity. The OH group was always introduced at C-2 in the axial
position due to SN2 mechanism. Two lactones: chloro- 3 and
bromolactone 4, were transformed on the preparative scale
by four fungal strains with a good yield (from 69% to 88%).
The third substrate, iodolactone 5, was converted with a lower
yield (from 58% to 81%) by six fungal strains. Most of the
microorganisms formed the (+) isomer of hydroxy lactone,
and only two of them were able to create the () isomer.
The best substrate-microorganism combination considering
enantioselectivity was found to be iodolactone 5 and F. scirpi.
This microorganism converted iodolactone into hydroxy lac-
tone 6 with a very high enantiomeric excess (91.6%).
Hydroxy lactone 6 obtained with ee = 91.6% was used to pre-
pare crystalline derivative using chiral camphorsulfonic chlo-
ride. X-ray diffraction analysis of derivative 7 led to
determine the absolute conﬁguration of stereogenic centers
present in the molecule of lactone 6 as 1R, 2S, 6R. In addition,
the biological tests carried out led to the conclusion
that hydroxy lactone 6 inhibited the growth of certain
microorganism strains.Appendix A. Supplementary material
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.arabjc.
2015.02.018.
References
Borges, K.B., Borges, W.S., Dura´n-Patro´n, R., Pupo, M.T., Bonato,
P.S., Collado, I.G., 2009. Stereoselective biotransformations using
fungi as biocatalysts. Tetrahedron: Asymmetry 20, 385–397.
CrysAlisPRO. Oxford Diffraction/Agilent Technologies UK Ltd.,
Yarnton, England.
de Carvalho, C.C.C.R., da Fonseca, M.M.R., 2006. Biotransformation
of terpenes. Biotechnol. Adv. 24, 134–142.
Dancewicz, K., Gabrys´, B., Halarewicz-Pacan, A., Grabarczyk, M.,
Wawrzen´czyk, C., 2005. Effect of terpenoid lactones with di- and
trimethylcyclohexane system on behaviour of green peach aphid
Myzus persicae. Pestycydy (Pesticides) 4, 17–23.
Faber, K., 2011. Biotransformation in Organic Chemistry, sixth ed.
Springer.
Garcı´a-Pajo´n, C.M., Herna´ndez-Gala´n, R., Collado, I.G., 2003.
Biotransformations by Colletotrichum species. Tetrahedron:
Asymmetry 14, 1229–1239.
Gładkowski, W., Mazur, M., Białon´ska, A., Wawrzen´czyk, C., 2011.
Lactones 35. Metabolism of iodolactones with cyclohexane ring in
Absidia cylindrospora culture. Enzyme Microb. Technol. 48, 326–
333.
Gonzalez-Coloma, A., Bailen, M., Diaz, C.E., Fraga, B.M., Martı´nez-
Dı´az, R., Zuniga, G.E., Contreras, R.A., Cabrera, R., Burillo, J.,
2012. Major components of Spanish cultivated Artemisia absinthi-
um populations: antifeedant, antiparasitic, and antioxidant effects.
Ind. Crop. Prod. 37, 401–407.Please cite this article in press as: Grabarczyk, M. et al., Hydroxy lactones with the g
Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.02.018Grabarczyk, M., 2012. Fungal strains as catalysts for the biotransfor-
mation of halolactones by hydrolytic dehalogenation with the
dimethylcyclohexane system. Molecules 17, 9741–9753.
Grabarczyk, M., Białon´ska, A., 2010. Biotransformations of chloro-,
bromo- and iodolactone with trimethylcyclohexane system using
fungal strains. Biocatal. Biotransform. 28, 408–414.
Grabarczyk, M., Ma˛czka, W., Win´ska, K., _Zarowska, B., Anioł, M.,
2013. Antimicrobial activity of hydroxy lactone obtained by
biotransformation of bromo- and iodolactone with gem-dimethyl-
cyclohexane ring. J. Braz. Chem. Soc. 24, 1913–1919.
Grabarczyk, M., Szumny, A., Gładkowski, W., Białon´ska, A., Ciunik,
Z., Wawrzen´czyk, C., 2005. Lactones 18. Synthesis of bicyclic
lactones with methyl-, di- and trimethyl substituted cyclohexane
system. Pol. J. Chem. 79, 1763–1771.
Grotowska, A.K., Wawrzen´czyk, C., 2002. Lactones 13.
Biotransformation of iodolactones. J. Mol. Catal. B: Enzym. 19–
20, 203–208.
Hunyadi, A., Veres, K., Danko, B., Kele, Z., Weber, E., Hetenyi, A.,
Zupko, I., Hsieh, T.J., 2013. In vitro anti-diabetic activity and
chemical characterization of an apolar fraction of Morus alba leaf
water extract. Phytother. Res. 6, 847–851.
Lee, J., Lee, J., Lim, J., Sim, S., Park, D., 2008. Antibacterial effects of
S-()-tulipalin B isolated from Spiraea thunbergii Sieb. on
Escherichia coli, a major food borne pathogenic microorganism.
J. Med. Plants Res. 2, 059–065.
Maurs, M., Azerad, R., Cortes, M., Aranda, G., Delahaye, M.B.,
Ricard, L., 1999. Microbial hydroxylation of natural drimenic
lactones. Phytochemistry 52, 291–296.
Pinheiro, L., Marsaioli, A.J., 2007. Microbial monooxygenases applied
to fragrance compounds. J. Mol. Catal. B: Enzym. 44, 78–86.
Serra, S., Fuganti, C., Brenna, E., 2005. Biocatalytic preparation of
natural ﬂavours and fragrances. Trends Biotechnol. 23, 193–198.
Skaltsa, H., Lazari, D., Panagouleas, C., Georgiadou, E., Garcia, B.,
Sokovic, M., 2000. Sesquiterpene lactones from Centaurea thessala
and Centaurea attica. Antifungal activity. Phytochemistry 55, 903–
908.
Szczepanik, M., Grabarczyk, M., Olejniczak, T., Paruch, E.,
Wawrzen´czyk, C., Szczepanik, E., 2000. Effect of terpenoid
lactones and azadirachtin on food consumption and growth rate
of colorado potato beetle larvae, Leptinotarsa decemlineata say. J.
Plant Protect. Res. 40, 193–197.
Szczepanik, M., Grabarczyk, M., Szumny, A., Wawrzen´czyk, C., 2003.
Deterrent activity of lactones with di- and trimethylcyclohexane
system. J. Plant Protect. Res. 43, 87–96.
Wawrzen´czyk, C., Grabarczyk, M., Szumny, A., Gabrys´, B.,
Dancewicz, K., Nawrot, J., Pra˛dzyn´ska, A., Halarewicz-Pacan,
A., 2003. Lactones 19 [1] synthesis and antifeedant activity of
lactones with methyl-, dimethyl- or trimethylcyclohexane system.
In: Go´recki, H., Dobrzan´ski, Z., Wyd (Eds.), . In: Chemistry for
Agriculture, 4. Czech-Pol Trade, pp. 117–129.
Sheldrick, G.M., 2008. A short history of SHELX. Acta Cryst. A64,
112–122.
Wedge, D.E., Galindo, J.C.G., Macias, F.A., 2000. Fungicidal activity
of natural and synthetic sesquiterpene lactone analogs.
Phytochemistry 53, 747–757.
Win´ska, K., Grudniewska, A., Chojnacka, A., Białon´ska, A.,
Wawrzen´czyk, C., 2010. Enzymatic resolution of racemic secondary
cyclic allylic alcohols. Tetrahedron: Asymmetry 21, 670–678.
XPREP – data preparation & reciprocal space exploration. Ver. 5.1/
NT, 1997 Bruker Analytical X-ray System.
Yang, X., Kang, M.-C., Lee, K.-W., Kang, S.-M., Lee, W.-W., Jeon,
Y.-J., 2011. Antioxidant activity and cell protective effect of
loliolide isolated from Sargassum ringgoldianum subsp. Coreanum.
Algae 26, 201–208.em-dimethylcyclohexane system – Synthesis and antimicrobial activity. Arabian
